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Direct and quantitative monitoring of catalytic
organic reactions under heterogeneous conditions
using direct analysis in real time mass
spectrometryy

*

Koichiro Masuda™® and Sha Kobayashi

This new method overcomes problems of conventional analytical methodologies such as light scattering
and sampling reproducibility issues. We used this method for mechanistic studies of catalytic reactions
under heterogeneous conditions. Direct-type hydroxymethylation reactions and Mukaiyama-type
hydroxymethylation reactions both catalyzed by a scandium-bipyridine ligand complex under micellar
conditions were employed as examples of heterogeneous reactions. For direct-type hydroxymethylation
reactions, initial reaction rate assays revealed first-order dependency on both substrate and catalyst. On

the other hand, Mukaiyama-type hydroxymethylation reactions showed first-order rate dependency on

rsc.li/chemical-science

Introduction

Among various types of organic reactions, heterogeneous reac-
tions, have become more important in recent years. Heteroge-
neous reactions using solid catalysts are essential, especially in
industrial fields."” Indeed, currently, 80% of industrial catalytic
processes are conducted under heterogeneous conditions.?
Among various kinds of heterogeneous reactions, the mecha-
nism of surface reactions on a solid material has been well
studied.*® However, heterogeneous reactions in other partic-
ular systems have not been investigated in detail from
a macroscopic viewpoint because of technical difficulties. For
example, liquid-liquid heterogeneous samples introduce diffi-
culties with respect to phase separation, and optical spectro-
scopic analysis does not work well because of strong light
scattering induced by heterogeneity. Instead, an aliquot sample
analysis is often employed to elucidate the progress of a reac-
tion;”® however, large deviations of material ratios in a hetero-
geneous sample mean that a large number (or amount) of
samples is required to treat the data in a statistically valid
manner. In our laboratory, a number of catalytic reactions have
been developed in water, most of which form liquid-liquid
heterogeneous mixtures. Our previous mechanistic study of the
catalytic Mukaiyama aldol reaction employed a water-organic
cosolvent system for homogenization, and the reaction was
analyzed by HPLC with a quenching procedure for each
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substrate, zero-order on catalyst and saturation kinetics on formaldehyde.

datapoint.” In the present article, we describe a direct and
quantitative method to monitor reactions using direct analysis
in real time mass spectrometry (DART-MS)" to overcome the
heterogeneity problem.

Results and discussion

The introduction of an isotopic indicator as an internal stan-
dard would enable high levels of quantitation to be achieved by
mass spectrometric analysis. Quantitative analysis with an
isotopic indicator is a widely employed technique for static
systems; however, to our knowledge, it has not been applied to
a dynamic system such as organic reactions. We expected that
although the mass distribution of materials would be totally
different in a heterogeneous system, the isotopic distribution
would be identical between the phases if diffusion is sufficiently
rapid. Therefore, we envisaged that it would be possible to
monitor a heterogeneous reaction by employing an isotope-
labelled reaction product as an internal standard. The
amount of an “artificial” isotope-labelled internal standard
would remain constant during the reaction, whereas the
amount of “natural” nonlabelled reaction product would
increase. Thus, time-course analysis of the isotopic ratio of the
reaction product would reflect the progress of the reaction
(Fig. 1).

While a variety of ambient ionization techniques'“** have
been employed for the on-line monitoring of homogeneous
samples,” direct analysis of heterogeneous mixture requires
robust off-line sampling methods. To analyse heterogeneous
reactions quantitatively, the reaction itself requires (1) no
reverse reaction nor decomposition of product, and (2) fast
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Fig. 1 Concept art for our analysis design.

matter exchange between phases; analysis requires (3) no
progress of a target reaction during the ionization process and
(4) fast processing without sample preparation (see 3E in the
ESIT for details). Based on these requirements, DART-MS was
chosen as the most appropriate ionization method because of
its soft and robust ionization process. The ionization area of
DART-MS is open to the air, which allows very high flexibility in
positioning and introduction of a sample. Accurate control over
sample treatment is crucial for stable detection of a peak with
adequate intensity and reproducibility by using DART-MS
techniques. Mechanically controlled sampling-ionization
sequences allow samples to be analysed with good reproduc-
ibility. A semiquantitative sampling/ionization process that
uses a robot arm autosampler with a glass capillary has been
demonstrated for samples such as drugs in biological
matrixes," allium chemistry," and additives in food pack-
aging.’® An inexpensive autoionization system has been
demonstrated that used cotton buds attached to an N-scale

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

8 airborne-

model railroad system.'”* Surface contaminants,
dispersed chemicals,” or batch slurry reaction mixture* were
absorbed into a cotton bud head on a model train and was
horizontally passed through the ionization area of a DART-MS
instrument at a steady speed.

In our laboratory, a new autosampler system was designed to

monitor the progress of reactions in organic synthesis. A
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Fig. 2 A simplified image of an autosampler for a DART-MS reaction
monitoring system.
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Fig. 3 Autosampler system (left) and ionization with a DART-MS with
autosampler (right).

reaction vessel with precise condition control and a robot arm
autosampler were combined. A simplified image of the auto-
sampler system is shown in Fig. 2 and photos of the setup are
shown in Fig. 3. The reaction is conducted in a glass vessel in up
to 15 mL scale under a positive flow of nitrogen. The reaction
temperature and stirring rate can be controlled accurately (—20
to +80 °C, 0-1500 rpm). The autosampler takes a small aliquot
sample from the vessel with the robot arm and a sample
capillary and transfers this to the ionization area of the DART-
MS within a few second.

Hydroxymethylation reactions catalysed by Lewis acid-
surfactant combined catalyst

Organic materials are often immiscible with water, and organic
reactions in water are generally heterogeneous. In the presence of
a surfactant, organic materials form colloidal dispersions
(micelles) that extend the boundary between organic materials
and water significantly, thereby enhancing surficial reaction
rates. Our laboratory has discovered that the combination of
a water-compatible Lewis acid and a surfactant moiety can work
as an efficient catalyst in water; this system has been termed
a Lewis acid-surfactant-combined catalyst (LASC).>>>* LASCs were
found to be very efficient catalysts that form hydrophobic envi-
ronments tightly surrounded by Lewis acid moieties.”® LASCs
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Scheme 1 Modified reaction conditions for (a) direct- and (b)

Mukaiyama-type reactions.
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worked effectively in water to promote Mannich-type reactions,>
Mukaiyama aldol reactions,” Diels-Alder reactions® and
Michael addition reactions.”” Enantioselective Mukaiyama aldol
reactions in water were achieved by a combination of LASC with
chiral ligands in 2008.>® In 2010, it was found that the combi-
nation of LASCs with chiral ligands could catalyse enantiose-
lective direct-type aldol reactions in water.”® As a model study of
our principle, we chose these aldol reactions with formaldehyde,
namely hydroxymethylation reactions, catalysed by LASCs in
water. After several investigations, a combination of Sc(DS); (DS
= dodecylsulfate) with 2,2"-bipyridine ligand**** was found to be
a good and simple catalytic system for both direct-type reaction
and Mukaiyama-type reaction, furnishing the same product
(Scheme 1). Due to the similarity of the catalytic systems, a valid
comparison of the results is expected. Under these conditions,
1.5 equivalents of a surfactant assisted the formation of small
particles of organic materials (see Fig. S10 in the ESI). Given the
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Fig. 4 Initial trial of reaction monitoring. Reaction and monitoring

conditions: Sc(DS)z (10 mol%), ligand 5 (12 mol%), NaDS (150 mol%), 1
(0.8 mmol) and aqueous formaldehyde (35%, 5 equiv.) were mixed with
an internal standard 2-d4 (0.5 mol%) in water (1.6 mL) at 30 °C. An
aliquot was taken periodically with an autosampler and glass capillary,
and analysed by DART-MS (positive mode, N5, 200 °C).
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formation of a good dispersion, high reproducibility of the
reaction rate was expected.

Direct-type catalytic asymmetric hydroxymethylation
reactions in water: monitoring trial and optimization of
conditions

We assessed the reaction monitoring of a direct-type hydrox-
ymethylation reaction that was conducted in the presence of
isotope labelled compound 2-d,. The reaction was carried out
under the conditions indicated in Scheme 1(a) using a 15 mL
glass vessel in the autosampler. Small amounts of sample were
taken from the reaction mixture with the autosampler with the
closed end of a ¢ 1.8 mm tube and moved to the ionization area
of the DART-MS. As initial conditions for ionization, helium gas
at 200 °C was selected as the carrier gas. However, no peak was
observed with sufficient intensity at m/z 177 or 181 (protonated
cations of 2 and 2-d,, respectively), whereas strong peaks were
observed at m/z 147 (substrate 1) and 329 (ligand 5). After
optimization studies, nitrogen gas was found to be a good
carrier gas; this allowed compounds 2 and 2-d, to be ionized
and produce peaks with good intensity at around 200-250 °C.
Reaction monitoring was then conducted under the optimized
conditions given in Scheme 1 and with modified DART-MS
conditions (N,, 200 °C). As expected, peaks were observed at
m/z 177 and 181 with a high signal-to-noise (S/N) ratio. The
corresponding MS yield calculated from the ratio of these peak
areas showed good linear reaction profiles (Fig. 4). Several
control studies confirmed that there was no decomposition of
internal standard under reaction conditions, which supports
the reliability of this method (see 3G and 3I in the ESIT). In
order to conduct kinetic analysis of reactions, calibration
experiments were conducted. Aqueous solutions of compounds
2 and 2-d, in several different ratios were analysed by DART-MS
six times, and averages were taken for the calibration curve (see
3H in the ESIf for more details).

2-d4 (8.00x10°2 mmol)

o} Sc(DS)s (8.00x10°2 mmol) 2
Ligand 5 (9.60x102 mmol)
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Scheme 2 Kinetic analysis of the direct-type catalytic asymmetric hydroxymethylation reaction in water. Conditions: Sc(DS)s, ligand 5, and NaDS
were mixed in H,O (0.9 mL) for 1 h at 30 °C. After catalyst preparation, ketone 1 and internal standard 2-d4 (solution in H,O) were added and the
mixture was stirred for 10 min. The reaction was started by adding aqueous formaldehyde solution and was monitored by using the DART-MS
autosampler system (positive, Np, 200 °C). The measurements were conducted three times for each data point and an average was taken for
kinetic profiles. Initially, dependency of the rate of formation of product 2 on substrate 1 was investigated. The loading of 1 was changed from
0.160 to 0.80 mmol while those of the catalyst complex and formaldehyde were kept constant.
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Reaction kinetics for the direct-type hydroxymethylation
reaction

Kinetic analysis of the enantioselective hydroxymethylation
reaction was then conducted based on the established method
using DART-MS with internal standard. By following the stan-
dard procedure, initial reaction rate assays were conducted by
changing the concentration of each component (Scheme 2).
As a result, first-order dependency was observed on the
substrate 1 loading (Scheme 2, left). The dependency on the
chiral Sc catalyst complex was then investigated. The loadings
of Sc(DS); and 2,2'-bipyridine ligand 4 were varied from 0.0160
to 0.080 mmol while those of the substrate and formaldehyde
were kept constant. The initial rate showed first-order depen-
dency on the catalyst complex (Scheme 2, middle). In contrast,
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an investigation of formaldehyde kinetics revealed a different
tendency. Concentration of formaldehyde was varied from
0.250 to 2.5 mol L™ " while those of the substrate and the catalyst
were kept constant; as a result, each experiment showed
a similar initial reaction rate. Judging from the kinetic study of
formaldehyde for Mukaiyama-type hydroxymethylation reaction
under dilute conditions (see below), this kinetic profile,
showing essentially constant reaction rates for relatively
concentrated conditions, indicates saturation kinetics on
formaldehyde (Scheme 2, right).

Mechanistic considerations of direct-type hydroxymethylation
reactions

The revealed first-order rate dependency of indanone 1 and the
chiral Sc catalyst complex with a saturation kinetics on form-
aldehyde represents an overall experimental rate-law of

[HCHO]

Reaction rate = k] [1}1 [SC]1 m
2 —R3

(k1, k, and k3 are arbitrary rate constants).

During the course of the reaction, the scandium catalyst
and the two carbonyl species (indanone 1 and formaldehyde)
form several intermediate complexes. Judging from the satu-
ration kinetics of formaldehyde, formation of the formalde-
hyde-scandium complex is much faster than that of the
indanone-scandium complex. A possible rate-determining
step is (a) carbon-carbon bond formation or (b) the enolate
formation step with deprotonation (Scheme 3). In a slightly
acidic reaction mixture in protic media, substrate 1 become its
enol form on tautomerization. In the first proposed pathway,
coordination of 1 occurs in an enol form and the following
intramolecular C-C bond formation is a plausible rate-
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Scheme 4 Assumed catalytic cycle of direct-type catalytic asymmetric hydroxymethylation reactions in water.
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Fig. 5 Reaction monitoring trial of Mukaiyama-type hydrox-
ymethylation reactions. Conditions: 4a (0.4 mmol), Sc(DS)z (5 mol%),
ligand 5 (6 mol%), NaDS (150 mol%), and aqueous formaldehyde (35%,
5 equiv.) were mixed with an internal standard 2-d4 (1 mol%) in water
(4.0 mL) at 20 °C. An aliquot was taken periodically with an auto-
sampler and glass capillary, and analysed by DART-MS (positive mode,
N,, 200 °C). After 1.5 h the reaction was quenched and 65% of
compound 2 was isolated. Data points until 20 min (approximately
below 30%, red) has been employed to determine initial rate.

determining step of the reaction. After C-C bond formation,
intramolecular (or intermolecular) proton transfer leads to
release of the product 2. In the second proposed pathway,
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deprotonation of coordinated enol (or ketone) would limit the
overall reaction rate because the basicity of the proton scav-
enger (water or a dodecylsulfate anion) is very low. The
subsequent C-C bond formation is also a potential rate-
limiting step; however, we assume that enolate is much
more nucleophilic than enol and the reaction would occur
essentially instantaneously after the formation of the enolate
complex (Scheme 4).

Mukaiyama-type catalytic asymmetric hydroxymethylation
reactions in water

Monitoring trial: To confirm whether the monitoring principle
would work for the Mukaiyama-type hydroxymethylation
reaction, a detection check experiment was conducted for
a reaction under standard conditions with a slight modifica-
tion (see Scheme 1(b)). An analytical mixture was prepared by
following the standard reaction procedure in the absence of
formaldehyde to avoid the formation of 2, and a deuterium-
labelled reaction product 2-d, was added (Scheme 5). The
mixture was analysed under slightly modified DART-MS
conditions of the direct-type hydroxymethylation reaction
(N, as carrier gas, 250 °C). It was found that the expected peak
of an internal standard 2-d, at m/z 181 was detected and no
peak was observed at m/z 177, corresponding to nondeuterated
reaction product 2.

With the success of the detection verification experiment in
hand, a monitoring trial was conducted for the Mukaiyama-type
hydroxymethylation reaction (Fig. 5). In the presence of internal
standard 2-d, the reaction was conducted and monitored with
the autosampler DART-MS system using a glass capillary as
a sampling device. Gratifyingly, the 2/2-d, isotope ratio showed
a good reaction profile with a small spread of data points. The
reaction profile (calibrated in Fig. S6 in ESIt) showed that the
reaction was stopped at around 40 min with approximately 60—
70% yield, which corresponded to 65% isolated yield of the
product 2 after the monitoring study.

2-d, (4.00x10°3 mmol)

PSiMes Sc(DS); (2.00x102 mmol) 2
Ligand 5 (2.4x10°2 mmol) E:éC
+  aqg. HCHO OH
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‘2 2.0 mmol H,0 (4.00 mL) 2
0.400 mmol 20°C, 1500 rpm
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] o 3. o [
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Scheme 6 Kinetic analysis of Mukaiyama-type catalytic asymmetric hydroxymethylation reactions in water. Reaction and monitoring conditions:
Sc(DS)s, ligand 5, and NaDS were mixed in water (3.7 mL) for 1 h at 20 °C. After catalyst preparation, silyl enol ether 4a and internal standard 2-d4
(solution in water) were added and the mixture was stirred for 10 min. The reaction was started by adding aqueous formaldehyde solution and
was monitored with the DART-MS autosampler system (positive, N,, 200 °C). The monitoring was conducted three times for each data point and

an average was taken for kinetic profiles.

This journal is © The Royal Society of Chemistry 2020
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Reaction kinetics for Mukaiyama-type hydroxymethylation
reactions

Based on the established monitoring conditions, kinetics exper-
iments were performed with the Mukaiyama-type hydrox-
ymethylation reaction of 4a with formaldehyde in water. By
following the standard procedure, initial reaction rate assays were
conducted by changing the concentration of each component.

First, the dependency of the rate of formation of product 2 on
the chiral scandium catalyst was investigated. The loading of
Sc(DS); was changed from 0.0020 to 0.040 mmol and that of
2,2'-bipirydine ligand 5 was changed from 0.0024 to 0.048 while
those of substrate 4a and formaldehyde were kept constant.
Interestingly, an initial reaction rate assay revealed the zero-
order dependency of this reaction on the catalyst, even though
this is a catalytic reaction (Scheme 6, left).

An initial reaction rate assay on loading of substrate 4a was
then conducted. Although the data distribution was relatively

20
15

10
y =0.9136x + 1.8895

(initial rate)* (h/mmol)

[HCHOT* (M)

Fig. 6 Double reciprocal plot of the kinetics on formaldehyde.
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wide, a positive correlation was identified between the reaction
rate and the loading of substrate 4a (Scheme 6, middle). With an
assumption of Gaussian distribution, the slope of the log-log plot
was determined as 0.9 & 0.26 in the 95% confidence interval.

On the other hand, the reaction showed interesting kinetics
with respect to the concentration of formaldehyde. An initial
reaction rate assay on formaldehyde was conducted by
changing the concentration of formaldehyde from 0.050 to
0.50 M. The plot was not linear; rather, it showed a curved
profile with saturation (Scheme 6, right). Given that this kinetics
plot had some similarity to enzymatic reaction kinetics, the
obtained data were plotted again as the double reciprocal. As
a result, good linear relationships were observed between the
inverse of formaldehyde concentration and the inverse of the
reaction rate, except for the data point corresponding to the
lowest formaldehyde concentration (Fig. 6). Different to
enzymes, the coordination of formaldehyde to scandium is
considered to be rapid and is under equilibrium; therefore, it is
not limiting on the overall reaction rate.

Mechanistic considerations of Mukaiyama-type
hydroxymethylation reactions

The obtained data indicated the following results; zero-order on
catalyst, first-order on enolate, and saturation kinetics on
formaldehyde. An overall experimental rate-law is described as

. HCHO)|
ren o |
eaction rate = k4[4] [Sc] 1o HCHO| — k¢

(k4, ks and ke are arbitrary rate constants).
Notably, a zero-order rate law on a catalyst concentration is
unique for a catalytic reaction. Indeed, zero-order dependence on
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4
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Scheme 7 Assumed reaction pathway including heterogeneity on a micelle.
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a catalyst suggests that the step involving the catalyst is not the
rate-determining step in the overall reaction mechanism. Different
reaction kinetics in previously reported Mukaiyama-type hydrox-
ymethylation reactions under homogeneous conditions in
aqueous solution®** and direct-type hydroxymethylation reaction
(see above) indicate the effect of heterogeneity in this reaction. The
overall reaction system including heterogeneous issues is
summarized in Scheme 7. The reaction may take place on the
surface of a micelle, because silyl enol ether 4a exists in the micelle
and the population of formaldehyde is considered to be greater in
the aqueous phase. Therefore, (a) diffusion of formaldehyde or
silyl enol ether, or (b) saturation of the Sc(DS);_ligand complex on
the micelle is considered to be a rate-determining factor under
these conditions.

Permeation of formaldehyde or silyl enol ether through
a micelle

Diffusion rates of molecules on a micelle are dependent on their
size and hydro- and lipophilicity. We assumed that the diffusion
rate of formaldehyde is fast enough to be ignored, while that of
a silyl enol ether is considerably slower. To confirm the effect of
enolate diffusion, ethyldimethylsilyl (EtMe,Si) enol ether 4b was
submitted to a kinetic study. The molecular weight and polarity
of silyl enol ether 4b are similar to those of Me;Si enol ether 4a,
so the diffusion rate of 4b would be expected to be close to that
of 4a. On the other hand, a catalytic reaction, especially one
involving a C-C bond-forming step with silyl cleavage, is ex-
pected to be slower for 4b because of the increased steric bulk
on the silyl moiety.

As a result, the zero-order dependency was again observed
for the catalyst, and the initial reaction rate of enol ether 4b was
almost three times slower than that of the Me;Si enol ether 4a
(Fig. 7). This significant rate change indicates a C-C bond-
forming step would be more plausible as a rate-determining
step rather than diffusion of the silyl enol ether.

Saturation of scandium complex on a micelle

It is known that the composition of a mixed micelle is different
from the loading of each surfactant. It is possible that the
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Fig. 7 Kinetic analysis on EtMe,Si enol ether. Conditions: 4b (0.4
mmol), Sc(DS)z (2-5 mol%), ligand 5 (6 mol%), NaDS (150 mol%), and
aqueous formaldehyde (35%, 5 equiv.) were mixed with an internal
standard 2-d4 (1 mol%) in water (4.0 mL) at 20 °C. Kinetic analysis was
conducted in a same manner to Scheme 6.
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Fig. 8 Kinetic analysis on the loading of NaDS. Conditions: 4a (0.4
mmol), Sc(DS)s (5 mol%), ligand 5 (6 mol%), NaDS (50-150 mol%), and
aqueous formaldehyde (35%, 5 equiv.) were mixed with an internal
standard 2-d4 (1 mol%) in water (4.0 mL) at 20 °C. Loading of DS~
indicates the sum amount of dodecylsulfate anion of Sc(DS)s and
NaDS. Kinetic analysis was conducted in a same manner to Scheme 6.

amount of actual “active” scandium species E is not propor-
tional to the corresponding catalyst loading. In other words, the
active species becomes “saturated” and a limited amount of
scandium may work as a catalyst. Therefore, we hypothesize
that the amount of “active species” could be proportional to the
total surface area of micelles, which, in turn, is determined by
the total amount of dodecylsulfate anions (DS™). Thus, an initial
reaction rate assay was conducted on the loading of DS™ to test
this concept (Fig. 8).

The result showed a linear dependency of the initial reaction
rate on the loading of NaDS. This relationship indicates that the
amount of scandium cation on the micellar surface is constant
while the ratio of surfactant loading is changed. From this
experiment, saturation of the Sc(DS);-ligand complex on the
micelle is well supported. As already described, the catalytic
cycle of the reaction is considered to be identical to the previous
report’ under homogeneous conditions in aqueous media.
Therefore, the zero-order dependency on the catalyst observed
from the initial reaction rate assay is reasoned to stem from the
saturation of the scandium species on the surface of the
micelle. The first-order dependency observed in the direct-type
reactions could be explained by the higher polarity of substrate
1, which enhanced the solubility of scandium complex in the
organic phase, thereby avoiding the rate limitation.

Conclusions

Direct monitoring of heterogeneous reactions under micellar
conditions was achieved by using DART-MS with an isotope-
labelled internal standard. An internal standard 2-d, was
successfully designed to monitor the direct-type hydrox-
ymethylation reaction of ketone 1 with formaldehyde catalysed
by scandium tris(dodecylsulfate)-2,2'-bipyridine complex in
water. Compound 2-d, could also be used to monitor the
Mukaiyama-type hydroxymethylation reaction in water cata-
lysed by the same scandium complex. Further exploration
revealed that the method is applicable to much more complex
systems, including 1,4-addition reactions in water® (liquid-
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liquid heterogeneous system without surfactant; see 3] in the
ESIT) and catalytic allylation reactions in water* (liquid-liquid
heterogeneous system with solid catalyst; see 3] in the ESIT). As
an extensive application of the monitoring methodology,
kinetic analyses were conducted and overall experimental rate
laws are described;

for direct-type hydroxymethylation reactions

[HCHO]

Reaction rate = k4[4a]'[Sc]’ T HCHO] — ke

and for Mukaiyama-type hydroxymethylation reactions

[HCHO]

Reaction rate = kl [1]1 [SC}I W

The completely different rate laws from homogeneous
systems® suggest distinct roles for the catalyst complex in the
mechanism of the Mukaiyama-type hydroxymethylation reac-
tion under heterogeneous conditions. For the zero-order
dependency on the scandium complex in the Mukaiyama-type
hydroxymethylation reaction, the saturation of the scandium
species on micellar surface was suggested from several
experiments.

This method is expected to be applicable to a wide variety of
heterogeneous organic reactions, and it should be an efficient
analytical tool for studying reactions in other complex media.
Our previously developed heterogeneous reactions in water are
of particular interest, and several reactions are under study in
our group.
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